(Received 20 September 1996) Momentum-resolved direct and inverse photoemission spectra of the K͞Si͑111͒-͑ The band theory of solids has been remarkably successful in describing the ground state properties of many crystalline materials. Nonetheless, limitations to this theory were already pointed out in 1937 by de Boer and Verwey who argued that NiO, which is an optically transparent insulator, would be metallic according to band theory [1] . Fascinating examples of the breakdown of band theory include the high T c superconductors [2] and doped fullerenes [3] . In simple terms, band theory breaks down when the Coulomb repulsion U between electrons on a lattice site is comparable to or larger than the single particle bandwidth, W [1] . If the ratio U͞W * 1, the charge carriers no longer delocalize but condense at the ion cores, leading to an insulating antiferromagnetic ground state at half filling (i.e., a Mott-Hubbard insulator).
Surfaces and interfaces represent a special class of narrow band systems. Many semiconductor surfaces possess dangling-bond-derived surface states with bandwidths &1 eV. Estimates indicate that the effective Coulomb interactions, U eff , within the dangling bonds of an ideally truncated Si(111) surface are on the order of ഠ1 eV [4, 5] which brings the Si(111) surface in the Mott-Hubbard regime. However, Si(111) does not become an antiferromagnetic insulator because it largely eliminates its dangling bonds by forming a ͑7 3 7͒ superstructure [6] . Likewise, it was believed that the Si͑111͒-͑2 3 1͒ surface reconstruction is a buckled antiferromagnetic insulator [7] until Pandey introduced the p-bonded chain model and showed that the single-particle band theory does provide an accurate description of the electronic properties [8] . In fact, only a very few claims on Mott insulating surfaces have withstood the test of time: some room temperature (RT) saturated alkali-metal͞GaAs(110) interfaces are believed to be Mott insulators [9] [10] [11] . Most recently, it was argued that the charge-density-wave phase of Pb͞Ge(111) is a Mott insulator [12] .
Model calculations for the two-dimensional rectangular lattice of the alkali͞GaAs(110) interfaces produce an "upper Hubbard band" (UHB) and a "lower Hubbard band" (LHB), separated by a distinct energy gap when U͞W . 2 [11] . The metal-insulator transition is predicted to occur near U͞W ഠ 1.6. From an experimental point of view, the situation is not so clear. DiNardo and co-workers have interpreted their electron energy loss spectra (EELS) of a saturated Cs overlayer on GaAs(110) in terms of charge transfer excitations involving the Hubbard U [9] . Nonetheless, problems exist. Inverse photoemission spectroscopy (IPES) [13] shows features that could perhaps be identified as the UHB but the LHB has not been seen in photoemission spectroscopy (PES) [13] .
In this Letter, we report on momentum-resolved PES and IPES data of the K͞Si͑111͒-͑ p 3 3 p 3 ͒R30 ± -B (henceforth K͞Si) interface. The interface consists of a monatomic alkali layer on top of a Si(111) surface with a boron underlayer (Fig. 1) [14] . At zero alkali coverage, the dangling bond surface states are completely empty [14] . When the alkali coverage saturates at 1͞3 monolayer [15] [16] [17] , the surface consists of a ͑ p 3 3 p 3 ͒R30 ± arrangement of half-filled dangling bonds and, consequently, the interface should be metallic according to band theory [16] . Instead, the single-particle excitation spectra (PES͞IPES) show two prominent features near the Fermi energy, E F , which are identified as the Hubbard bands of a 2D Hubbard system. We analyze the spectra following Harrison's scheme of incorporating the Hubbard U into tight-binding theory [4] and discuss important implications for the electrical transport and magnetic properties.
Experiments were carried out in two different ultrahigh vacuum systems. Momentum-resolved PES data were acquired at the beam line U12B of the National Synchrotron Light Source [16] . The overall resolution of the PES spectra is ഠ0.1 eV. Momentum-resolved IPES 0031-9007͞ 97͞78 (7)͞1331 (4) data were acquired at constant incident electron energy of 12.5 eV; the emitted photons were dispersed using a grating monochromator [18] . The overall energy resolution is ഠ0.3 eV. The alkali͞Si interface was produced following the procedures in Ref. [16] . The alkali coverage was monitored by measuring the work function change, DF, using an electron gun. The relationship between the work function decrease and the alkali coverage has been documented in Ref. [17] . Low energy electron diffraction (LEED) indicated that the ͑ p 3 3 p 3 ͒R30 ± symmetry remains preserved up to saturation coverage.
Coverage-dependent IPES and PES data of the K͞Si interface were recorded at k k 0 [ Fig. 2(a) ]. The IPES data of the clean Si͑111͒-͑ p 3 3
± -B surface ͑DF 0͒ show an empty state S at ഠ1.1 eV above E F . This state originates from the empty dangling bond surface state and has mixed B 2p z and Si 3sp z character [14] . Its band dispersion is significant: ഠ0.6 eV [14] . With increasing K coverage, the empty state spectra from the K overlayer initially "smear out." A K-induced empty state, S 1 , develops and shifts toward E F near saturation ͑DF 22.9 eV͒. The PES data reveal two filled states labeled B and S 2 . Peak B in Fig. 2(a) is a bulk feature which shifts toward higher binding energy upon K deposition, due to band bending [15, 16] . S 2 is a K-induced surface state, centered at ഠ0.7 eV below E F . Even though the tail of S 2 comes to within ഠ0.1 eV of E F , the PES data never show any intensity at E F , even at saturation coverage. This suggests that S 1 and S 2 are separated by a very small energy gap, probably on the order of ഠ0.1 eV.
The momentum dispersion of S 1 and S 2 were probed along both major symmetry directions of the ͑ p 3 3 p 3 ͒R30 ± surface Brillouin zone (Fig. 3) . Both surface states lack significant momentum dispersion ͑ഠ0.2 eV͒, which by definition means that these states are strongly localized in real space. Near the zone boundary at K, another surface state, S 3 , emerges. S 3 is the backbond surface state of the Si adatom which is also present at the clean surface [16] . In contrast to S 1 and S 2 , S 3 does exhibit significant dispersion. Its persistence upon K deposition indicates that the backbonds of the Si adatoms remain intact up to saturation coverage [16] and that the saturated interface is well ordered.
The clean ͑ p 3 3
± arrangement of Si adatoms atop the T 4 sites of the (111) substrate [14] . Boron atoms are located directly beneath the Si adatoms (Fig. 1) . The dangling bond orbitals of the Si adatoms are completely empty [S in Fig. 2(a) ]. Next, the alkali atoms bond to the surface atoms without disrupting the Si-Si backbonds. This assertion is based on the facts that the backbond state S 3 and the ͑ p 3 3 p 3 ͒R30 ± symmetry remain intact during alkali deposition. Then, according to the single-particle picture, the addition of the alkali valence charge should shift the Fermi level well into the substrate dangling bond surface state band S, resulting in a half-filled band at saturation coverage (1͞3 ML) [15] [16] [17] . The gradual filling of this S band upon K adsorption is clearly evident from the boron K-edge photoabsorption spectra (XAS) of the K͞Si interface [15] . According to Ma et al., XAS and Si 2p core level spectra indicate a large charge transfer from K to the Si-substrate dangling bond state which has become a hybrid of the Si sp 3 , B 2p z , and K 4s wave functions [15] . Nonetheless, regardless of the alkali coverage, experiment never reveals any state density at E F which indicates that correlations play a crucial role. To analyze the spectra, we use a tight-binding approach by Harrison [4] and model the saturated interface as a ͑ p 3 3 p 3 ͒R30 ± lattice of half-filled dangling bonds. The effective Coulomb repulsion, U eff , between two electrons in a Si dangling bond can be estimated from U eff ͑U 2 V ͒͞´ഠ 1 2 eV where U is the intrasite Coulomb term (ഠ7.6 eV; Ref. [4] ), V the intersite or Madelung term (ഠ3 eV; Ref. [4] ) and , ͑1 1´s i ͒͞2 ഠ 6 the dielectric constant of the semi-infinite Si substrate. The hopping integral between neighboring dangling bonds on an ideally truncated Si(111) surface, t, is ഠ0.07 eV [4] . Hence, on a ͑ p 3 3 p 3 ͒R30 ± superlattice, we can safely assume that t , 0.07 eV, consistent with the experimental dispersion W ഠ 0.2 eV ͑W 8t͒. Hence, the Harrison criterion for a Mott insulating ground state on Si(111), U 2 eff . 16t 2 , is strongly satisfied. Accordingly, the excitation spectrum should reveal two narrow energy bands (i.e., the ionization and affinity states) which are separated by a Hubbard gap of order U eff . Indeed, the PES͞IPES data reveal two narrow bands around E F which are now identified as the LHB and UHB of a 2D Mott-Hubbard system. The separation between the centroids of the bands is 1.3 eV, fully consistent with the above estimate of U eff . However, the Gaussian width [19] of the Hubbard bands (2s ഠ 0.7 to 0.8 eV) is much larger than the actual bandwidth or dispersion ͑W ഠ 0.2 eV͒. To account for the linewidths, we take advantage of the fact that the Mott state is so well defined that we can treat the system as a two-level system (UHB͞LHB).
Consider the effect of charge fluctuations dZ between neighboring dangling bond orbitals in a simple forceconstant model. Setting the ground state energy to zero, the total energy of a dangling bond orbital, E T , becomes [4] 
where u is the vertical displacement (buckling) of the Si adatom due to electron-phonon coupling, C is the "force constant" (53 eV; Ref. [20] ), d is the in-plane lattice constant, and n 1 ͑´s 2´p͒͞4 21.1 eV [20] (´s and p are the s and p levels of the Si atom). E T minimizes with respect to dZ at u 0 (unbuckled ground state). In essence, Eq. (1) represents the effects of electron-electron and electron-lattice interactions. In the electronically excited state, dZ 21. Then Eq. (1) minimizes with respect to u when u͞d 6n 1 ͞C, which means buckled surface. If the surface atoms remain stationary during the infinitesimal time scale of the excitation process, then the spectrum represents the Franck-Condon envelope of the unbuckled initial state and the buckled final state. For an instantaneous electron transfer or "vertical ionization," u 0 so that E T U eff E 0 1 shv where s is the number of phonons involved in the vertical FranckCondon transition andhv the phonon frequency [21] (Fig. 4) . Minimization of Eq. (1) with dZ 21 yields E T U eff 2 36n 2 1 ͞C ϵ E 0 which equals U eff 2 shv in the Franck-Condon picture (Fig. 4) . The spectral distribution near 300 K can now be calculated from [21] 
which is a Gaussian centered at E 0 1 shv U eff . The calculated linewidth ͑2s ഠ 0.6 eV͒ is close to the observed linewidths in PES͞IPES (2s ഠ 0.7 to 0.8 eV). This close agreement is perhaps a little fortuitous but demonstrates that the line shapes and level splittings can be remarkably well accounted for using a simple model with welldocumented parameters for n 1 and C [20] . The surface state peaks are thus believed to represent the "FranckCondon envelopes" of the vibrational excitations in the positive-or negative-ion final states of the PES͞IPES experiment. The large lattice relaxation or buckling in the excited state indicates that the conduction mechanism is of the polaron type. The separation between the vibrationally broadened ionization and affinity states (LHB͞UHB) defines the conductivity gap ͑ഠ0.1 eV͒ and is much smaller than U eff . Evidently, U eff is largely compensated by the local lattice relaxation during a charge excitation. The importance of the polaron effect was previously emphasized in the theoretical works by Chen et al. [20] and by Tejedor et al. [22] for Si(111), and more recently by Pankratov and Scheffler for Na͞GaAs(110) [10] . In the case of Na͞GaAs(110), the lattice relaxation energy even overcompensates the on-site Hubbard U, leading to the formation of a bipolaron or negative U-center [10] . In the present situation, this should result in a doubling of the unit cell, i.e., ͑2
, which is not observed in LEED.
EELS spectra of K͞Si [17] reveal a broad ͑2s ഠ 0.6 eV͒ but prominent loss peaked at ഠ0.1 eV, consistent with a charge transfer excitation, D, on the order of U eff . The present data suggest an exciton shift of U eff 2 D ഠ 0.3 eV. Interestingly, EELS data from a cesium overlayer [17] exhibit a similar loss peak, but a metallic Drude tail gradually fills the gap as the coverage approaches saturation [17] . The PES͞IPES spectra from the saturated Cs layer are shown in Fig. 2(b) . Here, the Hubbard bands clearly cross E F . Evidently the Cs͞Si interface "metallizes" before the monolayer is completed as the vibrationally broadened Hubbard bands overlap and form a pseudogap near E F . From PES͞IPES [ Fig. 2(b) ] and EELS [17] , we find U eff ഠ 1.1 eV and D ഠ 1.1 eV. The nonmetal-metal transition in the Cs layer is likely triggered by an electronic effect as the band dispersion of the Cs-induced state (ഠ0.3 to 0.4 eV; Ref. [23] ) is slightly larger than for K. This slight increase in band dispersion may be sufficient to close the already small conductivity gap between the vibrationally broadened Hubbard bands in Fig. 2(b) .
The present study may have profound implications in the world of semiconductors and magnetism. The Mott insulating ground state implies that the surface atoms carry local magnetic moments which couple antiferromagnetically [1] . Because of the threefold lattice symmetry, however, the antiferromagnetic spin lattice is inherently "frustrated." The possibility of long-range magnetic ordering in the frustrated 2D triangular lattice antiferromagnetic Heisenberg (TLAH) system has been subject to theoretical scrutiny [24 -26] . There are no materials that conform to the TLAH model and, consequently, experimental verification of the various theories has not been possible. We speculate that these alkali͞Si interfaces present the first experimental re-
